Chronic subjective tinnitus is an auditory phantom phenomenon characterized by abnormal neuronal synchrony in the central auditory system. As recently shown in a proof of concept clinical trial, acoustic coordinated reset (CR) neuromodulation causes a significant relief of tinnitus symptoms combined with a significant decrease of pathological oscillatory activity in a network comprising auditory and non-auditory brain areas. The objective of the present study was to analyze whether CR therapy caused an alteration of the effective connectivity in a tinnitus related network of localized EEG brain sources. To determine which connections matter, in a first step, we considered a larger network of brain sources previously associated with tinnitus. To that network we applied a data-driven approach, combining empirical mode decomposition and partial directed coherence analysis, in patients with bilateral tinnitus before and after 12 weeks of CR therapy as well as in healthy controls. To increase the signal-to-noise ratio, we focused on the good responders, classified by a reliable-change-index (RCI). Prior to CR therapy and compared to the healthy controls, the good responders showed a significantly increased connectivity between the left primary cortex auditory cortex and the posterior cingulate cortex in the gamma and delta bands together with a significantly decreased effective connectivity between the right primary auditory cortex and the dorsolateral prefrontal cortex in the alpha band. Intriguingly, after 12 weeks of CR therapy most of the pathological interactions were gone, so that the connectivity patterns of good responders and healthy controls became statistically indistinguishable. In addition, we used dynamic causal modeling (DCM) to examine the types of interactions which were altered by CR therapy. Our DCM results show that CR therapy specifically counteracted the imbalance of excitation and inhibition. CR significantly weakened the excitatory connection between posterior cingulate cortex and primary auditory cortex and significantly strengthened inhibitory connections between auditory cortices and the dorsolateral prefrontal cortex. The overall impact of CR therapy on the entire tinnitus-related network showed up as a qualitative transformation of its spectral response, in terms of a drastic change of the shape of its averaged transfer function. Based on our findings we hypothesize that CR therapy restores a silence based cognitive auditory comparator function of the posterior cingulate cortex.
Introduction
Chronic tinnitus affects about 10-15% of the general population in industrialized countries (Eggermont and Roberts, 2004) . In approximately 1-3 of the population chronic subjective tinnitus is so distressing that it causes severe impairments in the quality of life. It has been estimated that 85% of tinnitus cases are accompanied by hearing loss and that occupational and leisure noise are the greatest factors causing cochlear damage (Axelsson and Prasher, 2000; Hall et al., 2012) . In addition, the audiometric signs indicating a deafferentation were also detected in tinnitus patients with normal hearing (Schaette and McAlpine, 2011; Weisz et al., 2006) . The mechanism of tinnitus generation still remains unclear. It is generally accepted that most forms of subjective tinnitus are attributable to changes in the central nervous system (Eggermont and Roberts, 2004) . One characteristic aspect is deafferentation-induced cortical map reorganization (Muhlnickel et al., 1998; Robertson and Irvine, 1989; Weisz et al., 2007a; Yang et al., 2011) . However, in accordance with recent findings, cortical map reorganization alone cannot explain the emergence of tinnitus (Schaette and McAlpine, 2011; Langers et al., 2012; Engineer et al., 2011; Weisz et al., 2006) .
Another important phenomenon related to the emergence of tinnitus is pathologically enhanced neuronal synchrony, which was observed both in animal studies (Norena and Eggermont, 2003; Ochi and Eggermont, 1997) and in tinnitus patients Llinas et al., 1999; Weisz et al., 2005 Weisz et al., , 2007b . In particular, it was shown that in tinnitus patients alpha band power was significantly reduced, whereas delta band power was significantly increased in temporal regions. Furthermore, tinnitus related distress was correlated with this abnormal pattern of spontaneous activity, in particular, in right temporal and left frontal brain areas (Weisz et al., 2005) . In further studies, a significant increase of MEG activity in the gamma band was revealed after onset of pronounced activity in delta band (Weisz et al., 2007b) . The neural correlate for the tinnitus pitch percept might be provided by the dynamics of the pitchselective neurons which are located in a spatially restricted lowfrequency cortical region near the anterolateral border of the primary auditory cortex (Bendor and Wang, 2005) . This might be the reason of enhancement in efficacy of acoustic treatments, which are recently observed in the cases, when a tinnitus pitch was within the stimulated frequency range (Schaette et al., 2010) . Several other studies also confirmed that pathological neuronal synchronization is related to the tinnitus percept Dohrmann et al., 2007; Kahlbrock and Weisz, 2008) . Moreover, the functional interaction between non-auditory and auditory areas, displaying abnormal synchrony, appears to be a central feature underlying tinnitus distress (Schlee et al., 2009a,b) . In particular, there is growing evidence that non-auditory areas, e.g., amygdala, cingulate cortex and parahippocampus, play a crucial rule in patients with tinnitus distress (Rauschecker et al., 2010 , Leaver et al., 2011 Vanneste et al., 2010) . Another important issue concerns the possible role of the dorsolateral prefrontal cortex, which is known to exert early inhibitory modulation of input to primary auditory cortex in humans (Knight et al., 1989) and associated with auditory attention (Alain et al., 1998; Lewis et al., 2000; Mitchell et al., 2005; Voisin et al., 2006) . For this reason, dorsolateral prefrontal cortex was chosen as a target for transcranical direct current stimulation (tDCS) for the treatment of tinnitus , major depression (Fregni et al., 2006) or to increase the pain threshold (Boggio et al., 2008) .
To specifically counteract tinnitus-related neuronal synchrony, a non-invasive desynchronizing stimulation technique, acoustic coordinated reset (CR) neuromodulation, was used in a recent proof of concept study . Acoustic CR neuromodulation is based on the use of short pure tones of different pitch to induce shifted soft phase resets of neuronal oscillations in different tonotopically corresponding target areas which are grouped around the dominant tinnitus pitch. CR neuromodulation is essentially based on fundamental principles of self-organization (Tass, 1999 (Tass, , 2003a and exploits the intimate relationship between neuronal dynamics and connectivity (Yuste and Bonhoeffer, 2004) . According to computational studies, CR neuromodulation can shift synchronized neural networks with strong synaptic connectivity to a desynchronized state with weak connectivity due to spike-timing-dependent plasticity Tass and Majtanik, 2006) . As a result, a neural network unlearns pathological connectivity and synchrony, i.e. it undergoes an anti-kindling (Tass and Majtanik, 2006) . Computationally, it was shown that CR neuromodulation causes an effective desynchronization and an anti-kindling effect no matter whether CR is delivered directly to the neurons' somata or indirectly to synapse . Hence, from a theoretical standpoint invasive as well as non-invasive, sensory CR neuromodulation should, in principle, be feasible Tass and Popovych, 2012) . Moreover, both the acute and long-lasting desynchronizing effects of electrical CR neuromodulation have been verified in animal studies (Neiman et al., 2007; . By the same token, sustained long-lasting after-effects of electrical CR neuromodulation were observed in parkinsonian monkeys . Later on, we used the concept of CR neuromodulation to develop a non-invasive, acoustic treatment for subjective tonal tinnitus .
The acoustic CR neuromodulation aims at desynchronization of a synchronized focus in the tonotopically organized auditory cortex located in area corresponding to the dominant tinnitus frequency and the belonging tinnitus spectrum (Norena et al., 2002) . The CR tones are sequentially delivered with the goal for each tone to cause a phase reset of the pathological slow-wave oscillation in the delta frequency band in a neuronal sub-population, which is tonotopically related to the frequency of the particular CR tone Tass et al., 2012a) . In a prospective, randomized, single blind, placebo-controlled proof of concept trial in 63 patients with chronic subjective tonal tinnitus (RESET study) CR treatment turned out to be safe and well-tolerated and resulted in a highly significant decrease of tinnitus complaints as measured by Visual Analog Scale (VAS) and tinnitus questionnaire (TQ) scores (Adamchic et al., 2012b,c; Tass et al., 2012a) . As follows from the analysis of EEG recordings, after 12 weeks of treatment with acoustic CR neuromodulation pathologically elevated delta and gamma activity were both decreased in a network of brain areas comprising primary and secondary auditory cortices as well as non-auditory, e.g., prefrontal areas . Apart from that, the tinnitus-related reduction of alpha activity was reversed and alpha activity re-increased in auditory and prefrontal areas . In addition, CR neuromodulation induced a tinnitus pitch change, predominantly lowering tinnitus frequencies, and related changes of neuronal synchrony Tass et al., 2012a) .
We here study the impact of acoustic CR neuromodulation on the effective connectivity in a neural network underlying tinnitus perception. To reveal such a neural network, we applied a data-driven approach, comprising adaptive filtering via empirical mode decomposition (EMD) and subsequent analysis of causal connectivity by partial directed coherence (PDC) (Silchenko et al., 2010) , to the sets of the source signals which were extracted from EEG recordings of healthy controls and tinnitus patients before and after CR treatment. Given the sets of connectivity matrices, we compared effective connectivity in controls and in patients before and after CR neuromodulation. The results of this comparison provided us with the information necessary to build a DCM model, predicting the output of the different loop circuits . For the DCM approach, it is assumed that the observed responses are caused by interactions among neuronal populations or sources in a model with known neurotransmitters and directed connections . Importantly, the presence of different types of connections in a DCM model enables a theoretical explanation of an observed abnormal activity from the viewpoint of the balance between excitation and inhibition ). According to a recently proposed model framework, the tinnitus percept involves the coordinated abnormal action of both auditory and non-auditory brain areas, leading to a detuning of an excitatoryinhibitory balance that is reflected in a strong decrease of alpha oscillations (Weisz et al., 2011) . It is also known that the level of alpha activity may be viewed as an indicator of the state of the cortical tissue: low levels of alpha mean a state of excitation, whereas high levels of alpha reflect a state of strong inhibition or even possibility of the disengagement of one brain area from others (Klimesch et al., 2007; Weisz et al., 2007a Weisz et al., , 2011 . This idea is in line with recent experimental findings indicating that a decrease of inhibition may lead to a tinnitogenesis in severe intractable central tinnitus (Shulman, 1995; Shulman and Goldstein, 2006) .
Our present study consists of four main steps thereby addressing four basic questions: (i) first, we study whether a network of brain sources, related to our previous studies , is tinnitus-related in the sense that (a) tinnitus patients display significant EEG power abnormalities as opposed to healthy controls, and (b) these abnormalities are at least partially reversed due to clinically effective CR therapy. (ii) Do tinnitus patients have a significantly different effective connectivity as opposed to healthy controls? and if so, does CR therapy significantly reverse the abnormal pattern of effective connectivity? To reveal the abnormal patterns in effective connectivity, we used the combined data-driven approach, utilizing the consequent application of empirical mode decomposition (EMD) and partial directed coherence (PDC) to the source signals (Silchenko et al., 2010) . (iii) Is there a significant imbalance between excitation and inhibition in the network of brain sources in tinnitus patients compared to healthy controls? In that case, does CR therapy significantly counteract the excitatory-inhibitory imbalance? This investigation is performed by means of DCM . (iv) From the overall perspective, does the spectral response of the network of brain sources in tinnitus patients differ significantly from that of the healthy controls? and if so, is there any qualitative transformation of the network's spectral response due to CR therapy? To clarify this, we calculate the transfer function which characterizes the spectral response of the tinnitus network as a whole.
Material and methods

Participants
The current work is based on existing data from patients who were treated with acoustic CR Neuromodulation and participated in a prospective, randomized, single blind, placebo-controlled trial (63 patients in total), performed in Germany between 2009 and 2010 (RESET study, Identifier:NCT00927121; ). We selected 28 patients for the present study in accordance with the following criteria: (i) all patients suffered from bilateral chronic subjective tonal tinnitus; (ii) EEG data had to be available for both baseline and the 12 weeks visit; (iii) clinical data, i.e., VAS loudness, VAS annoyance, and TQ scores, had to be available for both baseline and the 12 weeks visit. CR treatment was safe and well-tolerated and resulted in a highly significant decrease of tinnitus symptoms as measured by VAS and TQ scores (Adamchic et al., 2012b,c; Tass et al., 2012a) . The patients were further classified using a reliable-change-index (RCI) (Jacobson and Truax, 1991) applied to improvements of TQ scores after 12 weeks of CR and assigned to the group of good responders (ΔTQ > 12) or nonresponders (ΔTQ b 12), respectively. A ΔTQ > 12 cut off was selected based on the RCI with the assumption that it separates patients with moderate or good relief of their tinnitus symptoms from nonresponders having small or no relief in symptoms . In addition, we performed the same recordings and analysis of EEG activity for 16 healthy tinnitus-free control subjects.
Treatment
Patients were stimulated for 12 weeks using a portable acoustic device and comfortable earphones ). In the RESET study patients were randomly allocated to receive acoustic CR neuromodulation (group G1 − G4): G1(n = 22), G2(n = 12), G3(n = 12), G4(n = 12). G1 − G3 all received stimulation for 4-6 h per day, whereas G4 received stimulation for only 1 hour per day. The basic idea of acoustic CR neuromodulation as well as the structures of stimulation protocols are illustrated by the Fig. 1 . Stimulation signals were generated based on a specific formula reflecting the logarithmic tonotopic organization of the auditory cortex and on the matched tinnitus frequency (f t ) with an equal number of tones placed below and above the tinnitus frequency. Stimulation tones had to be perceived by patients as equally loud and just super-threshold. Four tones per cycle were played in random order with three stimulation cycles followed by two silent cycles (more details about the so-called ON-OFF pattern of CR neuromodulation can be found in (Lysyansky et al., 2011) ). The four tones are based on a patient specific list of frequencies : G1, G3, G4 (f 1 to f 4 ); G2 (G2, prior to each cycle four frequencies are chosen from f 1 to f 12 , with the constraint that each cycle has to contain one frequency from each of the four groups f 1 to f 3 , f 4 to f 6 , f 7 to f 9 , and f 10 to f 12 ). The stimulation tones are equidistantly placed on a logarithmic scale within the interval [0.5 ⋅ f t , 2 ⋅ f t ] for G1 − G4. Cycle repetition rate was 1.5 Hz for G1, G2, G4, whereas in G3 the rate was harmonized to the patients specific EEG data (Tass, 2003b; . A re-adjustment of stimulation parameters was performed at each visit, provided the matched tinnitus frequency had changed. Visits took place after 1, 4, 8, 12 , and 16 weeks. Data for this paper come from baseline and the 12 weeks visit, as EEG recordings for all patients were performed at these visits. At each visit, tinnitus loudness and annoyance were assessed off-stimulation (i.e. at least 2.5 hour after cessation of CR neuromodulation) and consecutively on-stimulation (i.e. 15 min after turning on CR neuromodulation) using a VAS scale for loudness (VAS-L) and annoyance (VAS-A) ranging from 0 to 100. In the present study, we only used the off-stimulation VAS scores, because EEG recordings were performed off-stimulation. A pure tone matching procedure was used to determine the best matching tinnitus pitch (from 100 Hz to 10 kHz). Patients were instructed to match the frequency of a pure tone to the perceived pitch of their tinnitus. During this procedure intensity and frequency of the matching tone were controlled by the patient. Tinnitus matching started either well below or well above the patient's tinnitus frequency. The patient had to adjust the matching tone to his/her tinnitus. Patients had to confirm a best matching pitch at least twice. The matching tone was repeatedly interrupted to facilitate the comparison between matching tone and tinnitus. The group of all 28 patients with bilateral tinnitus included patients from all therapy groups G1-G4: 10 patients from G1, 4 patients from G2, 6 patients from G3 and 8 patients from G4. The group of good responders (n = 12) consisted of 6 patients from G1, 4 patients from G3 and 2 patients from G4. Accordingly, the group of non-responders (n = 16) consisted of 4 patients from G1, 4 patients from G2, 2 patients from G3 and 6 patients from G4. We selected the good responders to increase the signal-to-noise ratio. In more details, we selected those patients who responded well, no matter whether they received an optimal treatment (as patients from G1 and G3) or a treatment with sub-optimal dosage (G4). This enabled us to obtain a sufficiently large number of bilateral tinnitus patients necessary for our statistical analysis. In contrast, given the study design mentioned above, we were unable to determine whether these patients did not respond to CR therapy since they received a sub-optimal treatment with respect to dosage (G4) or alignment of CR tones (G2).
Data acquisition and pre-processing
Each patient underwent two recording sessions: on day 1 before start of treatment and after 12 weeks, minimum 2.5 h after stopping the last stimulation session. Subjects were instructed to retain from caffeinated beverages on the day of the recording to exclude caffeine induced changes of EEG activity. Patients were seated in upright position in a comfortable chair. EEG recordings were obtained in a dimly lit room in a Faraday cage. EEG data were collected from 128 surface electrodes using a HydroCel Geodesic SensorNet. All electrodes were referenced to Cz. The EEG signals were amplified with the NetAmps 200 amplifier (Electrical Geodesics Inc., Eugene, USA), digitized at 1 kHz and analogous band-pass filtered from 0.1 to 400 Hz. Recordings were performed in the awake state during alternating 2 min intervals with eyes closed and eyes open. The perception of tinnitus was the similar in both cases. For all patients we selected the eyes closed data for further analysis, since they were less affected by artifacts. Photogrammetry was performed for all subjects using Geodesic Photogrammetry System, and the individual head shape was modeled for every subject for each EEG session. The scalp EEG was offline re-referenced to an average reference. Signals were additionally digitally filtered with a 0.8-130 Hz digital filter. Each EEG recording was corrected for blink and eye movements in BESA using the surrogate model approach in BESA (Brain Electrical Source Analysis, MEGIS Software, 5.3 version; Scherg et al., 2002) . Recordings were further analyzed in MATLAB (The Mathworks, Natick, MA, USA) using EEGLAB2. All EEG segments that contained large muscle or other artifacts were removed. The mean length of the recordings after artifact correction was 3 min 24 s ± 23 s. The example of EEG signals which were measured from one of the electrodes, located near the right part of the temporal area A1, before and after CR therapy as well as their power spectra can be found in the Supplementary text.
A source model was generated with regional neural sources placed in the regions of interest (ROI) using BESA. The source montage consisted of temporal (A1, A2, i.e. Brodmann areas BA 41,42), orbito-frontal (OF, BA 11), dorsolateral-prefrontal (DLPFC, BA 9,46) and parietal (PAC, BA 7) sources in both hemispheres, one source was also located within the anterior cingulate cortex (ACC, BA 23) and one in the posterior cingulated cortex (PAC, BA 24). ROIs were defined based on the previous studies (Lanting et al., 2009; Schlee et al., 2009a,b; Vanneste et al., 2011; Weisz et al., 2005) . Additional probe-sources were placed in to the occipital lobe and in the area of the central sulcus in both hemispheres. Sources outside the ROIs acted as a spatial filter and reduced the contribution of these regions to the ROI. The strength of the source montages approach is that one can obtain time courses of brain activities from distinct brain regions (Bledowski et al., 2012; Scherg et al., 2002) .
To study the effective connectivity in a neural network responsible for the perception of a phantom sound, one, first, has to define the brain areas which are possibly involved. As mentioned in the Introduction Sec.1, the structure of the tinnitus-related network is not yet finally clarified. To get a clue about possible causal connections between different brain areas, we used a model-free data-driven approach to the analysis of EEG source signals. The obtained information was then used to build a "best model" for further DCM analysis. The schematic representation of the whole data analysis procedure is given in Fig. 2 .
Data-driven approach to the analysis of effective connectivity
The data-driven approach to the detection of connectivity is based on the combination of EMD and PDC (Silchenko et al., 2010) . The main advantage of EMD is that the basis functions are derived directly from the time-series itself, which makes the analysis adaptive, in contrast to the Fourier analysis or wavelet transform, where the basis functions are linear combinations of harmonic functions or wavelets. Indeed, EMD is designed to define a local low frequency component as the local trend, supporting a local high frequency component as a zero-mean oscillation or local detail, so that we can express the signal s(t) as s(t) = n 1 (t) + d 1 (t). By construction, d 1 (t) is an oscillatory signal, and, if it is furthermore required to be locally zero-mean everywhere, it corresponds to an intrinsic mode function (IMF) (Huang et al., 1998) . Practically, this primarily implies that all its maxima are positive and all its minima are negative. On the other hand, all we know about n 1 (t) is that it locally oscillates more slowly than d 1 (t). The recursive decomposition of n k (t) leads to the following representation of s(t):
The sifting process, providing the separation of fast and slow oscillations, is defined as follows: (i) identify all extrema of s(t); (ii) interpolate two smooth cubic splines between minima and maxima of s(t) to get its upper envelope, c max (t), and its lower envelope, c min (t); (iii) compute the mean n(t) = (c min (t) + c max (t))/2; (iv) subtract n(t) from the signal to obtain r(t) = s(t) − n(t). If the stopping criterion is met after l iterations of the sifting process, the local detail and the local trend are defined as d 1 (t) = r l (t) and n 1 = s(t) − d 1 (t). The residue n 1 is then treated as a new time-series subject to the sifting process as described above, yielding the second IMF from n 1 (t). The procedure continues until either the recovered IMF or the residual time-series are too small (in the sense of the integrals of their absolute values), or the residual time-series has no turning points. Once a) b) Fig. 1 . Acoustic CR neuromodulation: a) The concept of CR neuromodulation comprises a spatial and temporal coordination of the applied stimuli to induce desynchronization (Tass, 2003b) : utilizing the tonotopic organization of the primary auditory cortex (left, schematic brain picture adapted from (Chittka and Brockmann, 2005) with kind permission of the authors) short sinusoidal tones of different frequencies (f 1 to f 4 ) induce a soft reset in different target areas grouped around the dominant tinnitus frequency. Three CR cycles, each comprising a randomized sequence of four tones (right), are followed by two silent cycles. That pattern is repeated periodically. The random variation of the tone sequences (Tass and Majtanik, 2006 ) and the 3:2 ON-OFF pattern (Lysyansky et al., 2011; Tass, 2003b) optimize the desynchronizing CR effect. b) Four stimulation groups and one placebo group were investigated. For G1, G3 and G4 four tones (top, f 1 to f 4 ) are grouped around the dominant tinnitus frequency (f t ). G3 differs only in repetition rate F being adapted to the individual EEG δ-band peak. For G2 each CR cycle is formed by a varying composition of four tones (dark green: active) chosen out of twelve tones (middle, f 1 to f 12 ) surrounding f t . Placebo stimulation (bottom, G5) is formed similar to G1 using a down-shifted stimulation-frequency f p (f p = 0.7071 ⋅ f t /(2 n ), with n suitably chosen, so that f p lie within the interval (300 Hz, 600 Hz)) outside the synchronized tinnitus focus. all of the wavelike IMFs have been extracted, the final residual component represents the DC component containing the overall trend of the time-series. The details about different algorithms and stopping criteria may be found in (Rilling et al., 2003 (Rilling et al., , 2007 . The usage of EMD for each source signals provides a set of IMFs each of which corresponds to one of the co-existing time scales. It allows to avoid drawbacks caused by the prior band pass filtering (Florin et al., 2010) and makes the estimates of directionality of the coupling more accurate (Silchenko et al., 2010) .
Given a set of
for each of the source signals, one can then use a p-th order autoregressive model (VAR(p)) to estimate effective connectivity in different frequency bands. To attain the effective connectivity in a specific frequency band l, the set of
, calculated for the different source signals, whose power spectra are in the same range may be described as follows
where a(r) are the matrices whose elements a ij describe the linear relationship between time series d i l (t) and d j l (t) at the r-th past lag, M is the total number of sources in a network and ξ(t) is a multivariate Gaussian white noise process with time-invariant positive definite covariance matrix E(ξ(t),ξ(t)′) = Σ ξ . The dimension of model (2) can be estimated by means of the Akaike criterion, while the values of the coefficients in Eq. (2) can be obtained via the NuttallStrand method (Strand, 1977) , which is reported to be the best one among multivariate autoregressive estimators (Schlogl, 2006) . Then, the spectral domain measure for Granger causality, called partial directed coherence, has been derived from a factorization of the partial spectral coherence and is based on the Fourier transform of the coefficients series (Baccala and Sameshima, 2001; Sameshima and Baccala, 1999) :
The partial directed coherence from d i l (k) to d j l (k) in a specified frequency band is defined by:
where 0 ≤ |π ij (ω)| 2 ≤ 1 and ; Sameshima and Baccala, 1999) . After estimation of the PDC, null hypothesis ofπ i←j ω ð Þ ¼ 0 tests can be performed for each frequency and each IMFs pair at 5%. It can be rejected if the estimated PDC exceeds a threshold value calculated either via an approximation proposed by (Schelter et al., 2005; Schelter et al., 2009) or by the Patnaik approximation of quantile thresholds, utilizing a χ ν 2 distribution with non-integer ν (Silchenko et al., 2010; Takahashi et al., 2007) . The maximal values of the partial directed coherence π i,j
2(max)
, from which threshold values were subtracted, form a connectivity matrix for a specified set of IMFs.
The above calculations were performed for the good responders and all healthy controls. By using the one-way ANOVA, we compared the elements of connectivity matrices obtained for the controls and tinnitus patients before and after CR stimulation. The results of this comparison for the connectivity matrices in the control group and in the group of good responders before CR treatment allowed us to find the sources, whose interactions were significantly altered by tinnitus. These sources are likely to form a neural network, which is responsible for the perception of a phantom sound. Given the information about the sources forming the tinnitus-related network, one can make the next step by verifying these findings with DCM.
Dynamic causal modeling
DCM is a framework for fitting differential equations to brain imaging data and making inferences about models parameters using Bayesian approach. DCM models predict the output of in vivo loop circuits, where observed responses are assumed to be caused by interactions among neuronal populations or sources, with known directed connections and neurotransmitters. Here, we used the Matlab DCM toolbox for steady state responses (SPM8, Wellcome Trust Center for Neuroimaging, London, UK) to fit spectral data features and assess the types of interactions which might be altered by tinnitus (Moran et al., 2007 . The model of each cortical source consists of three (layered) neuronal populations. The differential equations describing neuronal dynamics in brain areas are identical in their form but have different parameters (Moran et al., , 2011 ). These equations model the postsynaptic convolution of presynaptic inputs by an implicit postsynaptic kernel. The ensemble firing of one population changes the average membrane potential of another, depending on whether it uses glutamate or GABA as a neurotransmitter. Glutamatergic inputs are assumed to produce postsynaptic depolarization, while GABAergic inputs are assumed to be hyperpolarizing. These effects are mediated by a postsynaptic (alpha) kernel that is either positive or negative, respectively. This (excitatory or inhibitory) influence of one population on another is parameterised by extrinsic connectivity between distinct sources. Thus, effective connectivity is modeled as a gain factor that couples discharge rates in one population to membrane potentials in another (Moran et al., , 2011 DCM was designed to test hypotheses about the neuronal mechanisms that underlie experimental measurements of brain responses. It allows one to specify a generative model of measured brain data, which is a specific probabilistic mapping from experimentally controlled manipulations via neuronal dynamics to observed data (Stephan et al., 2010) . For this reason, Bayesian model selection (BMS) is, usually, the first step in DCM. The models which are compared have to be designed empirically or obtained via model-free testing of Granger causality, as in our case. In BMS, models are usually compared via their Bayes factor, i.e., the ratio of their respective evidences or their difference in log-evidence (relative log-evidence). The chosen model has to explain the data as accurately as possible and, at the same time, has minimal complexity (Stephan et al., 2010) . We used BMS for fixed effects to select the best model of interaction for the chosen sources . The model with the highest relative probability compared to the other considered models was used to fit the cross-spectral densities for the frequency range 1-90 Hz and to make inference on extrinsic coupling parameters. Then, the significance of effective coupling within the best model was tested via a one-way ANOVA corrected for multiple comparisons to find statistically significant values of coupling exceeding a threshold (p ≤ 0.05).
Results
Changes in oscillatory activity induced by CR neuromodulation
As a first step in our present study, we compared the levels of oscillatory activity in EEG recordings of the tinnitus patients and healthy controls. To estimate the power of oscillations in gamma, beta, alpha, and delta bands, the short-time Fourier transform was performed for every source signal extracted from EEG recordings of the control subjects and patients before and after CR treatment. The total power of oscillations was calculated over the obtained spectrograms for each of the source signals. Then, all source signals were divided via EMD into the corresponding sets of the IMFs. The energy of each IMF, being calculated via the short-time Fourier transform, gave us a power estimate for a specified frequency band related to that IMF. The normalized power of oscillations in a specified frequency band was estimated as a ratio of the IMF's power and total power of the source signal from which the IMF was extracted. In accordance with the above procedure, the normalized oscillation power was calculated in all frequency bands for all source signals obtained for the patients and for the healthy controls. Then, we compared the values of the normalized power in specified frequency bands obtained for the patients and healthy controls via one-way ANOVA.
The results of this statistical analysis are presented in Fig. 3 . As clearly seen, the power spectra of the good responders before CR treatment indicate a significantly enhanced activity in gamma and delta frequency bands together with a strong reduction of power in the alpha band for the sources located in the auditory cortex, cingulate cortex as well as in the frontal area. The oscillatory power in the beta band was also significantly larger than the control values in the areas A1, OFL and PCC before CR treatment. The oscillatory beta activity in the orbitofrontal cortex and posterior cingulate cortex is important for the emotional processing of sounds (Vanneste et al., 2012) . As seen from Fig. 3 , it was not significantly changed by CR neuromodulation and remained at approximately the same level as compared to the control values.
In the group of good responders, the normalized power of oscillations in A1L, A1R, DLPFCL, DLPFCR and PCC was significantly altered by CR neuromodulation. In more detail, the amplitude of gamma oscillations was significantly altered in the A1L, DLPFCL, and PCC. Alpha power was altered by CR therapy in the A1L, A1R, DLPFCL, DLPFCR and PCC. Remarkably, the levels of gamma and alpha oscillatory activity in these areas after CR therapy were not significantly different from the control values. As further seen from Fig. 3 , the amplitude of the synchronized delta oscillations in A1L, DLPFCL and PCC was significantly altered by CR neuromodulation but remained significantly higher as compared to the healthy controls. The latter observations can be explained by the fact that the levels of delta power are negligibly small for healthy controls.
In the case of non-responders, we observed the qualitatively different situation which is characterized by the absence of significant changes in oscillatory power in the gamma and alpha frequency bands after the CR therapy. The changes of the power of lowfrequency delta oscillations were observed in areas which are differ from those the above reported for the group of good responders. More details about the changes in power for the group of nonresponders can be found in the Supplementary text.
A model-free approach to the detection of a tinnitus network structure Given the preliminary results about alterations of oscillatory brain activity caused by CR neuromodulation, one may conclude that CR therapy is able to modulate activity in different parts of the brain. Unfortunately, a generic mechanism of tinnitus generation is still unclear. The information about the structure of the tinnitus network, underlying the perception of phantom sound, is not complete and depends on specific method allowing to study different target areas in the brain. In most of the recent studies, utilizing different complementary techniques, the primary auditory cortex, dorsolateral prefrontal cortex, cingulate cortex, amygdala and parahippocampal area were identified as the main elements of the tinnitus network Rauschecker et al., 2010 , Leaver et al., 2011 Schlee et al., 2009a,b; Vanneste et al., 2010) . Our above results confirmed a possible involvement of auditory and non-auditory brain areas in tinnitus perception. It is likely that an interaction of auditory and non-auditory brain areas is a key element responsible for the tuning of a balance between excitation and inhibition in the auditory system, whose disruption may lead to the appearance of the coherent low-frequency activity in auditory system and underlay tinnitus perception.
To reveal a causality of interactions between brain areas in which oscillatory activity was altered by CR neuromodulation, we used the above data-driven approach. In accordance with the procedure described in Data-driven approach to the analysis of effective connectivity Sec. 2.4, we calculated the IMFs, corresponding to the different frequency bands, for each of the source signals obtained for all patients and control subjects. As follows from the above analysis, the statistically significant alterations in oscillatory activity induced by CR neuromodulation were found in gamma, alpha and delta frequency bands. The oscillations in these frequency bands are approximated by the IMF2, IMF5 and IMF9, respectively. These modes were further used in the present study to reveal the causality in interaction between sources. As for instance, the second modes (IMF2), calculated for each of the twelve sources, constitute a set of twelve signals describing oscillatory activity in the gamma frequency band. Then, this set of IMF2 was used to detect significant causal connections among sources in the gamma frequency band via the partial directed coherence, as described in Data-driven approach to the analysis of effective connectivity Sec. 2.4. The same calculations were performed for the sets of IMF5, corresponding to the alpha band, and sets of IMF9, describing low-frequency oscillations in delta band. These calculations were performed for all healthy controls and all tinnitus patients. As a result, we got three connectivity matrices, characterizing effective connectivity in the gamma, alpha and delta frequency bands, for each of the control subjects and every patient before and after CR treatment. Thus, each element of the obtained connectivity matrices characterizes the interaction within a pair of sources in one of the three frequency bands specified above. Then, a one-way ANOVA was used to compare the corresponding element |π ij | 2 of the connectivity matrices calculated for the healthy controls |π ij h | 2 and for the tinnitus patients before |π ij pb | 2 and after |π ij pa | 2 CR treatment. The further correction for multiple comparisons allowed us to reveal the elements of connectivities matrices, which significantly differ from each other and define measures of changes in effective connectivity as follows:
where 1 ≤ k ≤ N and N is the number of tinnitus patients in the group of good responders. The connections whose strengths were significantly different from the control values are schematically drawn in Fig. 4 . The sources, whose incoming or outcoming effective connections have strengths significantly different from the control values, were considered as elements of a neural network of phantom sound. For the good responders before CR treatment, the revealed structure of the tinnitus network includes the following areas: A1L, A1R, A2L, A2R, DLPFCL, DLPFCR and PCC. For good responders before CR treatment, we observed a statistically significantly increased strength of interaction between primary auditory cortex and posterior cingulate cortex in gamma and delta frequency bands, while the effective connectivity between dorsolateral prefrontal cortex and temporal areas was altered in the alpha band. As illustrated in Fig. 4 , CR stimulation significantly normalizes nearly all initially abnormal connections, which were classified above as "pathologically" altered by tinnitus. This transformation may be considered as a restoration of effective connectivity to its normal "healthy" state. It is necessary to note here that, in the case of non-responders, we had not observed such a restoration of effective connectivity what might be explained either by the sub-optimal dosage of CR neuromodulation or by the large intrinsic differences of the pattern of the functional connectivity prior to therapy. More details about the changes of effective connectivity in the case non-responders can be found in the Supplementary text.
Given the above results indicating the alteration of effective connectivity in the group of good responders after CR therapy we also tested the presence of correlation between changes in effective connectivity and changes in TQ scores. In particular, for those connections, whose coupling strengths were significantly altered after CR therapy we performed regressive analysis to reveal the possible correlations between the observed changes in effective connectivity and changes in TQ scores, whose significant improvements allowed us to classify some patients as good responders . The changes in the coupling strength for each of the specified connections Δε pba k are defined as the difference between the estimates of the coupling strength before and after CR therapy
where k is a number of the patient, belonging to the group of good responders. As mentioned above in Sec. 2.1 Participants, the changes in TQ scores are limited from below for the good responders as ΔTQ ≥ 12 points. The results of regression analysis, which are presented in Fig. 5 , clearly demonstrate the presence of significant correlations for nearly all considered connections, except for the A2R to A2L connection. This fact may be considered as evidence of the influence of acoustic CR neuromodulation on effective connectivity. IMF2 -Gamma band (45-70 Hz) * * * * * * * The above results, obtained for the group of good responders, gave us preliminary information about the possible structure and causal interactions among brain areas comprised in the tinnitus network. To further hypothesize about the types of the observed interactions, we made a next step and verified our findings by means of DCM. The latter utilizes a Bayesian approach to define the values of coupling between the sources via fitting of the cross-spectral densities calculated for the DCM-model and the densities, obtained for the original source signals comprised in the tinnitus network.
Bayesian selection of an optimal model for a neural tinnitus network
It is known that model selection is an essential component of any DCM study and cannot be omitted unless there is extremely strong a priori knowledge about the model (Stephan et al., 2010) . In our case the hypothesis of interest concerns the estimates of particular parameters in an optimal model of a phantom sound network. For this reason, BMS selection is the first necessary step in a sequential procedure, where inference about particular parameters follows an initial model selection procedure (Stephan et al., 2010) .
As described in Sec. 3.2 A model-free approach to the detection of a tinnitus network structure, the information about the structure of the tinnitus network was obtained by means of a model-free approach. We used these preliminary results to build a model space and find the most appropriate model for the DCM. We restricted ourselves to the set of sources, whose strengths of mutual couplings were altered by CR neuromodulation. These sources are located in the left and right primary and secondary auditory cortices as well as in the dorsolateral prefrontal cortex and posterior cingulate cortex. The proposed structure of the neural tinnitus network is also supported by the results of anatomical studies. In accordance to the results of these studies, combining electrophysiological recordings and anatomical tracing, there are pathways originating in auditory fields of the superior temporal region and terminating in distinct regions of the frontal lobes (Romanski et al., 1999a,b) . Prefrontal cortex is known to exert inhibitory output to multiple cortical and subcortical regions (Alexander et al., 1976) and has been shown to gate input to primary sensory cortices (Skinner and Yingling, 1977) . Furthermore, it was established that the dorsolateral prefrontal cortex exerts early inhibitory modulation of input to primary auditory cortex in humans (Knight et al., 1989 Fig. 4 . Schematic representation of the one-way ANOVA results for the differences in effective connectivity calculated for the group of healthy controls and groups of good responders before and after CR neuromodulation. The color of the arrows is defined by the sign of the corresponding measure Δε hpb , Δε pba or Δε hpa , which are defined in Eq. (5).
Red color corresponds to a negative sign of the corresponding measure and means strengthening of interaction between sources, whereas green color corresponds to a positive sign and means weakening of interaction. The width of every arrow is linearly proportional to the corresponding measure defined in Eq. (5). The directionality of interaction is directly defined by the coordinates (i,j) of the element in the connectivity matrices.
PET-study also indicate involvement of a prefrontal-temporal network in tinnitus perception (Mirz et al., 2000) . These results motivated us to consider the presence of the inhibitory connections between dorsolateral prefrontal cortex and primary auditory cortex as a necessary element for our DCM model. Another important element, revealed by our preliminary consideration, is the connection of primary auditory cortex and posterior cingulate cortex. Anatomical connections of the auditory cortical areas with the posterior cingulate cortex in the macaque monkey were revealed by means of retrograde and anterograde tracing methods (Yukie, 1995) . This fact allowed us to keep such connections in our model. Let us recall that, according to the DCM approach to the modeling of steady-state responses, all sources are modeled as consisting of three interacting neuronal sub-populations, which establish extrinsic connections of different types to each other (Moran et al., 2007 ). The types of extrinsic connections differ from each other in dependence on the type of excited neuronal sub-population. As for instance, an incoming connection to a source is considered as inhibitory if it simultaneously excites the sub-populations of inhibitory and excitatory neurons in granular layers. In contrast, if an incoming connection excites only excitatory spiny cells in granular layers then it has to be considered as excitatory (Moran et al., , 2011 . Finally, if an incoming connection excites all three sub-populations then it is called mixed or lateral connection (Moran et al., 2007 . Given the preliminary information about the structure of the tinnitus network and the types of connections, we built a number of possible DCM models, having similar topologies and differing by the directionalities as well as the types of connections among sources. Then, the cross-spectral densities obtained during the simulation and densities of the original source signals were jointly used to optimize parameters of the different competing DCM models. To build a model space, we examined twenty three different models whose choice was restricted by the assumptions about the directed excitatory influence from PCC to A1L as well as about the inhibitory connection from DLPFCL to A1R. Five of such possible models are presented in Fig. 6a . Having defined a model space, we used BMS, which utilizes a free energy as a measure, to find the best model. The free energy is a lower bound on the model evidence and is used for model selection, when testing a series of possible neural architectures using Bayes Factors (Chumbley et al., 2007; Moran et al., 2011) . The maximization of the free energy (which bounds log-evidence) ensures a maximum accuracy or data-fit, under complexity constraints. The results of the BMS for the five selected models are presented in Fig. 6b . As seen from the figure, the model 5 strongly outperforms all other models and can be considered as the best one. It is necessary to note here that the models which are drawn in Fig. 6a are the best ones in terms of the free energy estimates and characterized by the minimal complexity (Moran et al., 2007 Stephan et al., 2010 ). The best model includes a bidirectional lateral coupling between left and right primary auditory cortices along with the other connections, which are similar to the preliminary connections detected in A model-free approach to the detection of a tinnitus network structure.
Alteration of effective connectivity by CR neuromodulation: the results of DCM
Based on the observation of a qualitative transformation of the spectral characteristics in the group of good responders due to CR treatment and assuming stationarity in our recordings, we characterized their steady-state behavior before and after CR treatment using cross spectral densities (Moran et al., , 2011 . Given the optimal structure of the model 5 and using the cross spectral densities, we inverted the DCM models for each control subject and each patient from the group of good responders before and after CR treatment. Model inversion entails estimating the mean and variance of the unknown model parameters that summaries their posterior or conditional density. These unknown parameters include the biophysical parameters of the neural-mass model as well as parameters controlling the spectral composition of neuronal and channel noise. These noise parameters control a mixture of white and pink noise and are assumed to exist at all brain areas separately. The priors on these unknown parameters used standard values (Moran et al., 2009 ). 6), as a function of changes in TQ scores. Analysis was performed for those connections, which were significantly altered after CR therapy (see Fig. 4 ).
The observed and modeled magnitudes of the cross spectral densities, averaged over subjects in the control group and in the group of good responders before and after CR treatment, are presented in Fig. 7 . Clearly, the DCMs reproduce the key spectral properties of the source signals in both groups as well as the their transformation induced by the CR neuromodulation. Indeed, the cross-spectra from the control group contain a very pronounced alpha peak and relatively low power at the frequencies below 10 Hz as captured by the control DCMs. On the other hand, the source signals of the tinnitus patients before CR treatment were characterized by an increased low-frequency power and decreased amplitude of the alpha oscillations, what was also shown by the tinnitus DCMs. The DCMs of the tinnitus patients after CR treatment demonstrate the reduction of the low-frequency activity and the restoration of alpha power to the control values. The observed high sensitivity of the DCM to the changes in alpha oscillations may be partly explained by the fact that the original model of a cortical column was designed to reproduce alpha rhythm (Jansen and Rit, 1995) . It is necessary to note here, that for the sake of presentation clarity, the frequency range for the cross-spectral densities shown in Fig. 7 was restricted to values from 1 to 40 Hz. The behavior of the crossspectral densities in the gamma frequency band, being examined for the tinnitus patients before and after CR treatment, agree well with the above results for the power spectra. In particular, the oscillatory response of the tinnitus network in the gamma band was significantly altered by CR neuromodulation in the group of good responders, which is illustrated below by the changes in a shape of the averaged transfer function presented in Fig. 8b .
The maximum a posteriori (MAP) estimates of the connection strengths were calculated via averaging over individual estimates for the control group as well as for the group of good responders before and after CR neuromodulation. Then, the control MAP estimates and estimates for the good responders before and after CR treatment were sequentially compared via one-way ANOVA corrected for multiple comparisons (Hochberg and Tamhane, 1987) . Mean values of MAP estimates for the control group and for the group of good responders before and after CR treatment are plotted in Fig. 8a together with 95% confidence intervals. As follows from the presented results, the connection of PCC and A1L in good responders before CR treatment was significantly stronger than in the control group. The strength of this connection was significantly altered by CR neuromodulation and after CR therapy became indistinguishable from the control values. According to the classification used in Bayesian selection of an optimal model for a neural tinnitus network, this was an excitatory connection exciting a subpopulation of spiny stellate cells. In addition, CR neuromodulation significantly changes the strength of the connection of DLPCFL and A1R. That connection was of inhibitory type and was weakened in the tinnitus patients, as illustrated in Fig. 8a by the presence of corresponding statistically significant difference of the control and tinnitus MAPs. CR neuromodulation caused a drastic increase of inhibitory driving from DLPCFL to A1R. Another inhibitory connection, which was pathologically strengthened in our tinnitus patients, is the connection between DLPFCR and A2R. CR therapy significantly alters the strength of this connection, making it indistinguishable from the control values. The excitatory connections between left and right secondary auditory cortices were significantly altered in asymmetric manner from A2L to A2R. Finally, the lateral connection between left and right primary auditory cortices was significantly weakened by CR therapy. This might be caused by the fact that low-frequency oscillatory activity in the delta band was strongly reduced due to the desynchronizing effect of CR neuromodulation and, probably, reflects its long-lasting, relearning effect on the dynamics of neural networks . The DCM for the steady-state responses utilizes a spectral formulation of neural mass models when it is assumed that sources of EEG activity apply a filter-like operation to their inputs so that the input frequencies are modulated by its transfer function. Moreover, in linear systems analysis, the Laplace transform allows one to formulate the system's time domain equations of motion in terms of frequency domain operators that are characterized by the system's transfer function (Moran et al., 2008) . Accordingly, in the case of a few interacting sources their individual transfer functions may be Observed and modeled averaged cross-spectral densities. The individual cross-spectral densities were calculated for frequencies from 1 to 90 Hz by using a vector autoregressive model. The averaged cross-spectral densities for the source signals (dashed lines) included in model 5 and the averaged DCM fits (solid lines) are both presented for the healthy controls and for the tinnitus patients before and after CR therapy. The main diagonal contains of spectral densities at each source included in the model, while the off-diagonal elements display the two-way cross spectra. Here, for the sake of clarity, we illustrate changes in cross-spectral densities in the range from 1 to 40 Hz only (see text for details).
defined as ratios of the source-target cross spectral densities and corresponding auto-spectral densities of the sources. To calculate the normalized partial transfer functions for the cross spectral densities averaged over groups of patients or control subjects, we divided the off-diagonal cross spectral densities shown in Fig. 7 by the corresponding diagonal auto-spectral densities. Then, we averaged all normalized partial transfer functions over all sources to characterize the transformation of the spectral response of the neural tinnitus network as a whole. The results of our calculations are presented in Fig. 8b . In the case of the control group the averaged normalized transfer function has one large peak at 10 Hz which corresponds to the presence of the auditory alpha rhythm in the studied network. This result means that in a "healthy" state the network structure is organized in such a way that it amplifies oscillatory input activity in the alpha band and suppresses all oscillations in the delta and gamma bands. The averaged transfer function calculated for the group of good responders before CR treatment has two maxima one of which is located at high frequencies and related to the enhanced gamma activity, whereas another one is shifted to lower frequencies and corresponds to the enhanced activity in the delta band. At the same time, the alpha peak is strongly reduced in comparison with the similar peak of the control group. The averaged normalized transfer function nicely describes the qualitative transformation of the spectral response of the tinnitus network to a "pathological" state, when the strengths of connections between network elements are upregulated in such a way that input activity is enhanced in the gamma and delta bands and drastically attenuated in the alpha band. As can further be seen from the Fig. 8b , the acoustic CR therapy results in a restoration of the alpha peak together with a complete elimination of the peaks in the gamma and delta frequency bands. The presence of a small peak in the beta band may be explained by the absence of any significant changes in this band caused by CR stimulation. As we already mentioned in Changes in oscillatory activity induced by CR neuromodulation, the beta power was found to be higher of the control values in some regions of interest related to the emotional side of the sound processing. This kind of activity was not perturbed by CR neuromodulation and manifested itself as a small peak after averaging over the cross spectral densities of all sources.
Discussion
We here studied changes in oscillatory power and effective connectivity in the group of good responders before and after CR neuromodulation as well as in the group of healthy controls. Overall, our results show that the CR therapy significantly normalized both power and causal interactions within a tinnitus-related network. In particular, we found statistically significant CR-induced power changes, i.e. a decrease of delta and gamma along with a substantial increase of alpha, in A1, DLPFC and PCC. In a previous study, CR-induced power changes of the same EEG data were analyzed by means of sLORETA and conventional bandpass filtering . The results in that study were in a good agreement with our results presented here, except for the fact that in the previous study in PCC no significant CR-induced power changes were detected in the gamma band. The approach, used in the present study, might be more sensitive due to the adaptive filtering via EMD, which allows to avoid drawbacks caused by edge effects (Silchenko et al., 2010) .
Interestingly, a characteristic structure of the power spectra in the case of tinnitus is a similar one to that observed during the successful retrieval of complex semantic structures from memory (Klimesch et al., 1997) . Accordingly, one may speculate that tinnitus is a persistent attempt of the brain to recall and classify some aberrant sounds pulled from memory. In accordance with recent experimental findings, chronic subjective tinnitus is characterized by the simultaneous alteration of brain activity in prefrontal cortex and posterior cingulate cortex together with weakening of auditory alpha-like rhythmic activity (Lorenz et al., 2009; Weisz et al., 2011) . The absence of the therapeutic effect in the case of non-responders correlated with the absence of any significant changes in the alpha band and remained enhanced oscillatory activity in gamma and delta frequency bands, which is still observed in temporal areas and posterior cingulate cortex. In particular, the fact that alpha rhythm was not affected by CR neuromodulation might indicate that excitatory-inhibitory disbalance, which is thought to be related to this rhythm (Weisz et al., 2011) , was not restored in this case.
Moreover, in tinnitus patients before CR therapy we revealed an increased strength of the interaction between the A1 and PCC. The latter is known to be involved in cognitive aspects of auditory processing (Laufer et al., 2009) . Indeed, the PCC is supposed to exert a silence based cognitive auditory comparator function (Laufer et al., 2009 ). In the case of tinnitus distress, when the PCC is not able to exert its salience based comparator function, an aberrant auditory sound might penetrate from hippocampal memory (De Ridder et al., 2006; Vanneste et al., 2010 Vanneste et al., , 2011 via dysfunctional parahippocampal sensory gating (Boutros et al., 2008; Vanneste et al., 2012) . The persistent attempts to recall and classify an aberrant sound might lead to sustained pathological neuronal synchrony in the primary auditory The partial transfer functions defined as the ratio the off-diagonal averaged cross-spectral densities in Fig. 7 and the corresponding diagonal averaged auto-spectral densities of the source signals were averaged over all sources to get the averaged transfer function. Calculations were performed for the averaged cross-spectral densities obtained both for the healthy controls and for the good responders before and after CR treatment.
cortex and a paradoxical auditory memory for tinnitus which is considered to be the initial process in the transition of the sensory to the affect component (Shulman, 1995) . Thus, the activity in the PCC might be linked to a successful retrieval from auditory memory (Klimesch, 2012; Klimesch et al., 1997; Sadaghiani et al., 2009; Shannon and Buckner, 2004) , which is accompanied by an increase of theta power and a significant reduction in alpha power . The latter observation is in line with recent findings concerning a possible role of the alpha rhythm in cognition and functional inhibition (Hartmann et al., 2012; Jensen and Mazaheri, 2010; Klimesch, 2012; Klimesch et al., 2007; Weisz et al., 2011) . Indeed, the power of the auditory alpha rhythm reflects the state of excitatory-inhibitory balance and tends to decrease in the aftermath of a word or other linguistic stimulus presentation (Klimesch, 1997; Klimesch et al., 1997) . Moreover, the expectancy of aversive auditory feedback modulates perception of sounds and these fluctuating perceptions become manifest in a modulation of stimulus-induced desynchronization of the alpha rhythm (Hartmann et al., 2012) . The reported sensitivity of the auditory alpha rhythm to aversive auditory feedback might mean the involvement in auditory processing of nonauditory brain areas responsible for short-time memory and attention. Furthermore, we found a deficiency of inhibitory interaction in the alpha band between the dorsolateral prefrontal cortex and the primary auditory cortex. This result is in line with recent experimental findings, concerning the alterations of gamma aminobutyric acid (GABA) neuronal function and benzodiazepine receptor (BZR) function, which were found to be implicated in the pathophysiology of severe, chronic tinnitus (Daftary et al., 2004; Shulman and Goldstein, 2006, Shulman and Goldstein, 2009) . The evaluation of the density of the BZR is used in studies on the role of GABA mechanisms in neuropsychiatric disorders (Bremner et al., 2000) . The decrease in BZR binding is associated with the reduced receptor affinity resulting in a deficiency of GABAergic transmission. The single-photon emission computed tomography (SPECT) imaging in patients with severe, intractable central tinnitus showed a significant reduction of the BZR density in the left frontal lobe which means a possible impairment of GABA-A receptors assisted inhibitory transmission in non-auditory areas (Daftary et al., 2004) . Thus, the deficiency in GABAergic transmission in temporal and frontal areas is commonly observed in the cases of severe intractable tinnitus (Daftary et al., 2004; Shulman, 1995) and might be the reason for a reduced inhibition in our case as well. It was also hypothesized that a fundamental function of the amygdala-hippocampal structures might be the establishment of such an alteration in auditory masking which was found in all tinnitus patients (Shulman, 1995) . The mechanisms underlying a paradoxical auditory memory for tinnitus are hypothesized to be characterized by a diminution of inhibition mediated by GABA-A receptors due to a disconnection from excitatory (glutamate) inputs (Shulman, 1995) . These findings are in line with our results reported above in Alteration of effective connectivity by CR neuromodulation: the results of DCM Sec. 3.4, concerning the diminution of inhibitory coupling between primary auditory cortex and dorsolateral prefrontal cortex in tinnitus patients before CR stimulation.
Thus, the results of DCM, considered together with the results of our connectivity analysis, show that the good responders prior to CR therapy are characterized by an excessive excitatory coupling between PCC and A1, as opposed to healthy controls. In addition, prior to CR therapy inhibitory connections between DLPFC and A1 were significantly weaker in good responders compared to healthy controls. Remarkably, in the good responders 12 weeks of CR therapy eliminated nearly all pathological connections within the tinnitus network comprising auditory and non-auditory areas. In fact, by reversing the strength of excitatory and inhibitory connections, CR therapy specifically counteracted the excitatory-inhibitory disbalance, observed prior to CR treatment, and makes the difference in effective connectivity between good responders and healthy controls statistically insignificant. Moreover, CR therapy qualitatively changes the spectra response of the tinnitus network by modifying the shape of the averaged transfer function, so that the latter becomes similar to that one observed for the control group.
Our findings fit nicely to the recently proposed model framework directly relating synchronization in auditory regions and loss of inhibition (Lorenz et al., 2009; Weisz et al., 2007b Weisz et al., , 2011 . According to this framework, a reduced afferent input in frequency regions affected by a peripheral damage leads to an overall reduced neuronal activity within the deprived region, equally affecting excitatory as well as inhibitory neurons. It was proposed that in a circumscribed region of tonotopically organized auditory fields, downregulation of inhibitory drive is strong enough and excitatory neurons are not hyperpolarized sufficiently, that the latter spontaneously synchronize their activity (Weisz et al., 2011) . Indeed, it might be that a combined action of deafferentation, weakening inhibition, and persistent recalls from the limbic system, increasing the rate of spontaneous activity in a circumscribed region of the primary auditory cortex, underlies the emergence of pathological synchrony and tinnitus perception.
As follows from our results, chronic tinnitus is characterized by a strong imbalance of excitation and inhibition. Moreover, a statistically significant improvement in TQ and VAS scores for the group of good responders , is accompanied by restoration of the excitatory-inhibitory balance after CR neuromodulation and qualitative changes of effective connectivity within the tinnitus neuronal network.
